Abstract In most adult tissues there reside pools of stem and progenitor cells inside specialized microenvironments referred to as niches. The niche protects the stem cells from inappropriate expansion and directs their critical functions. Thus guided, stem cells are able to maintain tissue homeostasis throughout the ebb and flow of metabolic and physical demands encountered over a lifetime. Indeed, a pool of stem cells maintains mammary gland structure throughout development, and responds to the physiological demands associated with pregnancy. This review discusses how stem cells were identified in both human and mouse mammary glands; each requiring different techniques that were determined by differing biological needs and ethical constraints. These studies together create a robust portrait of mammary gland biology and identify the location of the stem cell niche, elucidate a developmental hierarchy, and suggest how the niche might be manipulated for therapeutic benefit.
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Making A Case for A Mammary Stem Cell
The mammary gland is a hormone sensitive, branching, and bilayered epithelial organ; it consists of an inner luminal epithelial layer and an outer myoepithelial layer surrounded by a basement membrane in a stromal fat pad. Cells from the two epidermal layers express a number of different proteins that can be used to unambiguously identify them. Among the most common of these markers are keratin (K) 8, K18, K19, and sialomucin-1 (Muc-1) expressed by luminal cell; and K5, K14, and α-smooth muscle actin expressed by myoepithelial cells. The arbor-like gland is organized into lobules that are inter-connected by a system of ducts; the basic functional unit of the breast is termed the terminal ductal lobular unit (TDLU). The gland is considered to have differentiated functionally and completely during lactation when the alveoli are swollen, producing milk, and secreting it into the lumen. Because the mammary gland has the ability to undergo repeated cycles of expansion (as much as tenfold at pregnancy) followed by involution, back to a state nearly indistinguishable from the virgin glands, it is clear that it is endowed with cells with remarkable regenerative capacity.
Elegant limiting dilution transplantation experiments [1] and retroviral integration studies in mice [2] suggest that single cells can give rise to all of the major cell types of the mammary gland. Similarly, analysis of Xchromosome inactivation in human mammary gland suggested that entire lobules could be derived from one cell [3] . In mass cultures of human cells derived from reduction mammoplasty, subpopulations from the primary breast luminal epithelial compartment have been shown to give rise to both luminal epithelial and myoepithelial cells [4] [5] [6] [7] . Thus, luminal and myoepithelial cells, and in P r e g n a n c y P r e g n a n c y a -The mammary stem cell hierarchy [10] . Therefore, a cap region would be an unlikely candidate for the mammary stem cell niche in adult humans. Older literature had suggested that the mammary ducts of rodents may harbour stem cells. In virgin mice, candidate stem cells stained with antibodies JB6 and JsE3 were found in ducts rather than in alveoli, and it was postulated that these served to regenerate ductal epithelium as well as to form new alveolar buds [11] . Sca-1 was a proposed marker of mammary stem cells in mice, and its expression was observed in ducts as well as in invading terminal end buds [12] . The postulate that ducts were the location of the stem cells was born out also in an experiment when rudimentary ducts from post-gestational mice were transplanted to cleared fat pads of transforming growth factor-β1 transgenic mice. Those ducts retained the capacity to reactivate lobular structures at late pregnancy [13] . In addition, the mouse mammary gland ductal niche responds specifically to the MMTV-c-myc transgene by amplification of the stem cell compartment [14] , which supported the previous findings in humans [3] that an entire terminal ductal lobular unit represents the progeny from a single early ductal progenitor. Taken together, one can narrow down the ducts as the most likely places where stem cell activity is stored in the human mammary gland.
Identifying Human Mammary Stem Cells by their Niche
Stem cells from any animal are rare constituents of their tissues, difficult to isolate, and in many cases intractable to expansion in culture. Rodents and other animal models, in addition to providing a source of tissues with nearly identical genetic content, also provide a physiological microenvironment in which to test for stem cell function. The study of human stem cells, however, presents challenges not encountered with most model organisms. Access to fresh tissue specimens from humans can be difficult to obtain, often the detailed genetic heritage and life history of the specimen is lacking, and innate differences among people further increases the variability between the data sets and between experiments. Most importantly, it is not possible to test the function of putatively isolated stem cells from most human tissues in their native microenvironments. The latter is particularly important for stem cell research because irrespective of the biochemical identity of the entity, a cell is not considered a stem cell until it meets basic functional criteria. A stem cell must self-renew, differentiate into at least one other cell type, and participate in the generation and maintenance of its tissue. To facilitate the study of human mammary gland stem cell biology, investigators have used physiologically relevant surrogate assays. Colony-forming assays on two-dimensional (2D) substrata are commonly used to identify cells with innate proliferative potential as well as to look for unior multi-potent ability determined by lineage marker expression. Both mouse-and human-derived mammary epithelial cells displayed functional properties of stem cells in three-dimensional (3D) ECM gel matrices, composed of either collagens or of laminin-rich ECM gels (lrECM), by recapitulating their behavior in vivo in terms of a number of morphogenetic criteria [15] [16] [17] [18] [19] . The 3D gel assays are useful for testing the ability of cells to generate bilayered, branching, gland-like structures from single cells, thus fulfilling the requirements of stem cells to give rise to at least one other cell type and to generate TDLU-like structures. Analogous to the non-adherent "neurosphere" cultures that were developed to propagate human neural progenitor cells, a "mammosphere" culture method was described to test for the property of self-renewal in primary mammary epithelial cells [16] . Because it is not plausible for human mammary cells to be tested by transplantation experiments in their native microenvironment, these surrogate assays were developed that collectively serve to generate an adequate portrait of a cell's putative stem cell activity.
From studies in multiple species it is known that adult stem cells are generally focal in their distribution and not necessarily co-localized with the bulk of transiently amplifying cells (for review see [21] ). By combining micro-dissection with colony forming ability, candidate stem cells in the human hair follicle were identified from the bulge region more than a decade before the bulge was proven to be the epithelial stem cell niche in the skin [22] [23] [24] . In a similar manner, stem cells were shown to reside in proximal ducts of the prostate [25] . In their original paper, DeOme et al. [1] observed that any portion of the mouse mammary gland contained cells that could give rise to another and growth, and a similar conclusion was drawn also for human breast [26] . However, through careful microscope-directed collection of mammary organoids from reduction mammoplasty followed by multiple culture assays we recently demonstrated that the terminal ducts are one of the major repositories of stem cells in adults [19] . Dissected terminal ducts gave rise to cells capable of selfrenewing as mammospheres, multipotent colony-forming in 2D culture, and forming bi-layered TDLU-like structures in 3D lrECM. Cells from dissected lobules did not display any of those functional characteristics. In situ analysis of ducts identified a narrow region of quiescent cells (Ki67 − ) that stained for chondroitin sulfate, K6a, K15 and SSEA-4, which are putative markers of stem cells in the breast in addition to other epithelial tissues [27] [28] [29] [30] . Ducts were also the only location where cells double stained for keratins K14 and K19 were observed in situ. K14 is a typical marker of myoepithelial cells, and K19 is expressed in the luminal cells, but has been hypothesized also to serve as a switch keratin that permits the changeover of one type of cytoskeleton to the other [31] . The two markers are known to be expressed in the stem cell zone of prostate [32] , and we hypothesize that the coincidence of the markers from two different lineages in one cell may identify stem or progenitor cells in the breast. Therefore, functional analysis of carefully dissected ducts and lobules suggests that the majority of stem cell activity indeed resides in the ducts, among quiescent cells of the phenotype K14 + /K19 + that also express chondroitin sulfate, K6a, K15, and SSEA-4 [19] .
The first approaches used to clonally identify a human mammary stem cell was to FACS sort or to immunomagnetically enrich for subpopulations of cells with specific markers, which were then used for colony forming assays [33, 17] . Even prior to those reports, a number of investigators, including us, had observed that a subpopulation of luminal epithelial cells isolated by magnetic sorting were capable of giving rise to myoepithelial cells [4] [5] [6] [7] . Initially, the makers used to characterize the human cells were EpCAM (epithelial cell adhesion molecule or epithelial specific antigen, ESA), CD49f (α6 integrin), and Muc-1 (sialomucin-1 or CD227 Subpopulations identified by the other combinations of EpCam and CD49f did not generate colonies in 2D culture and produced spherical cellular aggregates in 3D that stained with lineage-restricted markers [19] , findings that parallel the results described for mouse mammary gland [8] . Thus a link between a cell-surface phenotype, stem cell function, and a location in situ has been established in the human breast. The most likely location for the niche in the mature gland is in the ducts; however, the data published so far do not rule out the possible existence of other niches. For instance, when the gland begins to develop from the anlage in puberty and invade through the fat pad, it is reasonable that the majority of stem cells could be at the invading edge of the branching structures. Later when the gland is poised to undergo extensive proliferation and differentiation during pregnancy, it could make sense to have stem cells dispersed throughout the ductal system ready to produce alveoli throughout the fat pad.
Elucidating the Developmental Hierarchy in Breast
A developmental hierarchy has begun to emerge within the breast, which is similar to that described in the hematopoietic system and in the skin. Using mouse models, the cells that were shown to give rise to mammary gland also gave rise to lineage-restricted progenitors [8] . refers to non-CD45 and -CD31 expressing cells to rule out blood or endothelial cell contamination) [8] . The luminalspecific arm of the differentiation pathway is described in more detail with mouse models that lack GATA-3 in mammary gland at distinct developmental time points [35] . GATA-3 is a transcription factor that appears to be required for formation of the luminal layer of the acini [36] .
GATA-3 deficiency in the stem cells, or in downstream multipotent progenitors, resulted in a build up of luminalrestricted progenitors, identified by the surface marker β3 integrin, that ultimately could not differentiate into mature cells [35] . The hierarchy of the luminal lineage was further defined in mice with the Notch pathway specifically knocked out in mammary glands. Development occurred normally through puberty, but failed to maintain the luminal layer in alveoli during pregnancy [37] , which suggests that ductal and lobular luminal cells derive from separate lineage-restricted progenitors in mice. Indeed, in limiting dilution transplantation assays of postparous mammary tissue from WAP-Cre/flox-βGal mice, a population of parity-induced mammary epithelial cells (PI-MECS), which are enriched for CD24 + /CD49f + cells [38] , proliferated to produce both luminal and myoepithelial cells in ductrestricted and lobule-restricted epithelial outgrowths [13] . Using primary cell culture and immortalized human cells, a similar hierarchy has been revealed.
In [19] . Clones of the K14 -/K19 + luminal epithelial cell line gave rise to progeny that produced either keratin 6A or BCA-225; in situ these proteins were observed exclusively in ductal or lobular luminal epithelial cells, respectively [19] . Clones of the K14 + /K19
− myoepithelial cell line gave rise to progeny that produced either keratin 17 or WT-1; proteins that in situ were exclusively expressed in ductal or lobular myoepithelial cells, respectively [19] . The combined evidence from human tissue thus suggests that there is a developmental hierarchy in the mammary gland, as well (Fig. 1) .
Mouse experiments revealed a pathway from stem cell to differentiated luminal or myoepithelial cells, where the GATA-3 and Notch pathways play prominent roles in the evolution of the luminal lineage. The role for GATA-3 in human mammary development is not yet described, but Notch activity has been linked to self-renewal of the human mammary progenitor cells [20] . Interestingly, during pregnancy in mice there appear duct-restricted and lobulerestricted bi-potent progenitors. Culture experiments of human mammary cells suggest that stem cells give rise to luminal-restricted and myoepithelial-restricted progenitors that contribute to both ducts and lobules. Thus, there appear to be differences in the organization of the hierarchies described for mice and women (Fig. 1) . However, it is still unclear whether these experiments have revealed speciesspecific organizational schemes or whether there is more than one cellular pathway to the same endpoint.
Are there Stem Cells Outside their Niche?
A number of the stem cell studies discussed here, particularly those in human, by necessity incorporate culture experiments or short periods of culturing before transplantation into animal hosts. It is worth considering how even a short culture period may influence the outcome of which stem cell, or descendant thereof, may grow. The protein Sca-1 and the Hoechst3342 exclusion assay, which identifies the so-called "side population", were first used in studies of murine hematopoiesis to isolate hematopoeitic stem cells [40, 43] . Because side populations can be found in most tissues and cell types by making subtle changes to the staining conditions, and because Sca-1 is expressed by a number of different tissue-specific stem cells in mice, when other suitable marker combinations for isolating tissuespecific stem cells are not immediately obvious, investigators sometimes begin their search using these two markers. Welm and colleagues reported that murine mammary epithelial cells expressing Sca-1 and mammary side population were enriched for the ability to repopulate cleared mammary fat pads [12] . However, two groups more recently reported that the non-side population and the Sca-1-negative population contained all of the stem cell activity in mice [8, 9] . This has created some confusion. Potential differences in the experimental designs may point to properties of the mammary developmental hierarchy that should be further investigated. Welm et al. [12] used both immuno-magnetically enriched Sca-1 + cells from wild-type mice, and GFP + cells FACS sorted from Sca1-GFP transgenic mice, which had GFP knocked in downstream from one copy of the Sca-1 promoter. The reports to the contrary used FACS sorting of antibody stained cells isolated from wild-type mice [8, 9] . First, in the Welm et al. experiments it was not shown how the expression of GFP correlated with Sca-1 expression in the Sca1-GFP transgenic. The GFP + Sca1-GFP cells isolated directly from the glands may not have been expressing Sca-1 protein yet, but the promoter was active, which suggests that more primitive stem or progenitor cells may express Sca-1 transcripts prior to differentiating into more mature bipotent progenitors that express Sca-1 protein. Indeed, both sorting for GFP expression or Sca-1 immuno-magnetic enrichment used by Welm et al., yielded populations of cells that generated mammary glands in cleared fat pads, but the cells from GFP transgenic mice were five to tenfold more potent than the magnetically enriched, based on limiting dilution. Second, Welm et al. [12] used CD45 to exclude potential hematopoietic contaminants, but not CD31 to exclude endothelial cells [8, 9] . This raises the enticing possibility that an endothelial niche for stem cells exists also for mammary gland, as was described for the brain and hematopoietic systems [44, 45] . Finally, the magnetically enriched Sca-1 + cells were from "whole primary culture cells" and the side population cells with repopulating ability were in culture at least 72 hours prior to staining [12] . In contrast, CD49f + /Sca-1 hi cells directly sorted from mammary glands did not have stem cell activity, but CD49f + / Sca-1 lo cells did [8, 9] . Interestingly, all CD49f + primary epithelial cells once in culture were shown to express Sca-1 overtime [8, 9] . Side population isolated from uncultured mammary gland also does not appear to correlate with stem cell activity [8, 9] . Therefore, in addition to potential differences resulting from the ages and strains of the mice, post-transcriptional or post-translational control of Sca-1, the exclusion of endothelial cells, or the setting of FACS sorting gates, it is clear that culture environments drive expression of the Sca-1 protein and of the side population phenotype and may have selected for an immature progenitor cell, which led to the discrepancies.
Indefinite self-renewal is a theoretical, but widely applied property of stem cells. In order to increase the likelihood that they were culturing human mammary stem cells, Dontu et al. [16] isolated the side population from human reduction mammoplasty tissue and demonstrated that the population contains cells with increased mammosphere forming ability. That mammospheres derived from normal reduction mammoplasty reportedly passaged (self-renew) only four to six times [46] , suggests that mammosphere cultures maintain progenitors that do not indefinitely self-renew. Indeed, the side population in human breast appears to consist of a relatively less potent subset of progenitor cells. Clayton et al. [47] proposed that CALLA + /EMA + cells (CALLA is a marker of myoepithelium, and EMA (epithelial membrane antigen) is a marker of luminal epithelium) from reduction mammoplasty were stem or multipotent progenitor cells because clones in 2D culture gave rise to five different + double positive cells. Thus the most potent cells were not in the side population. Taken together, these data suggest that manipulation of mammary epithelial cells in culture selects for immature progenitors or transit amplifying cells with extensive proliferative capacity, not stem cells. Moreover, the mammary side population from resting mammary gland or from cultured primary cells does not contain stem cells, but instead may enrich for bipotent progenitors at various stages of maturity. In fairness, it should also be pointed out that so far in vivo serial transplantation assays of bone marrow and of mammary tissue fails the indefinite selfrenewal criteria. Perhaps indefinite self-renewal need not be a property of stem cells, or we do not yet know how to passage these cells in exactly the right context.
Because stem cells are thought to regenerate or maintain a tissue for the life of an organism, they are attributed with the ability to proliferate extensively. In hindsight, this logic seems counterintuitive as stem cells in vivo exhibit the opposite behavior, they are usually quiescent-indeed they have to be. That quiescence should be a defining property is underscored by experiments in which clones of hematopoietic stem cells from mice were cultured in bioengineered 3D niches. The majority of the cells were highly proliferative, but a small fraction of cells that were quiescent in the bioengineered matrices were shown to be the most potent in subsequent bone marrow transplant assays (Helen M. Blau, Keystone Symposia on Stem Cells, 2007, Department of Microbiology and Immunology, Stanford University, Stanford, CA, personal communication). These data imply that proliferation in culture is not an intrinsic property of stem cells; moreover adjusting culture conditions to better mimic the in vivo niche may serve to truly maintain stem cells ex vivo. In mouse and human mammary glands, it was noted that the majority of the prospective stem cells were in G1 phase of the cell cycle [8, 9] , by extension of the data on hematopoietic stem cells, one might also speculate that the most potent of the mammary stem cells resided among a small quiescent fraction. Nevertheless, irrespective of potential caveats associated with any of the culture methods described, we think a number of basic mechanisms, such as quiescence and differentiation, are being successfully studied with culture models, and thus remain important tools in the biologist's kit.
The Potent Stem Cell Niche
If the supposition that cells cultured ex vivo are progenitors is correct, it would suggest that stem cells will not exist outside of their niche; that stem cells are defined by their niche. Accordingly, the dominance of stem cell niches has been demonstrated in several tissues where progenitor cells can occupy a vacated stem cell niche and reacquire stem cell traits. The melanocyte stem cell niche in mice is in the base of the hair bulb of the transient portion of the hair follicle. Stem cells occupy the very bottom of the follicle and as they divide their progeny ascend and line the sides of the follicle, becoming increasingly differentiated with increasing distance from the niche. When the melanocyte stem cell niche was experimentally vacated, committed progenitor cells from a neighboring follicle traversed the interstitial space, occupied the vacated niche, and subsequently functioned like stem cells [48] . Skeletal muscle stem cells which were first described by their unique anatomical location, residing underneath the basal lamina and juxtaposed to the muscle fiber, were designated "satellite cells" [49] . Single muscle fibers can be explanted into culture, where quiescent satellite cells become activated and generate proliferative progenitor cells, referred to as myoblasts. After myoblasts are injected back into skeletal muscle, they fuse with existing muscle fibers in response to local damage cues. It was shown that upon injection into muscle, which was first irradiated to first kill the native stem cells, myoblasts derived from a single satellite cell participated in muscle regeneration over successive rounds of damage by injection of the snake venom Notexin [50] . This experiment demonstrates that mature muscle progenitors can reoccupy vacated muscle stem cell niches and function as stem cells for the life-time of the animal. That such mechanisms are at work also in the mammary gland was suggested when glands resulting from transplantation of epithelial cells into cleared fat pads underwent multiple rounds of pregnancy [13] .
Several reports of cells crossing tissue lineages to regenerate non-self tissues create fertile ground for speculation about the extent of dominance of stem cell niches over cell function and phenotype. Mice that received bone marrow transplants from syngeneic donors, using GFP or βgal transgenes to facilitate identification of donor versus host tissue, revealed that bone marrow-derived cells could participate in repair of muscle damage [51] [52] [53] [54] [55] . Marrowderived cells were found to occupy the satellite cell position on muscle fibers in irradiated muscles [51, 53, 54] , as well as respond appropriately to physiological damage cues such as exercise [54, 56] . Although the in vivo data are enticing, ex vivo culture experiments demonstrated that the transition from blood to muscle was not complete. In contrast to muscle-derived myoblasts that can easily undergo myogenesis in culture by reducing or removing serum, marrrow-derived cells cultured from transplant recipient muscles would undergo myogenesis in culture only in myoblast-conditioned medium [54] or cocultured with a myoblast cell-line [55] . Those experiments underscore the importance of the muscle microenvironment in maintaining the ability of non-muscle-derived cells to exhibit myogenic traits. In an intriguing report Boulanger et al. [57] recently demonstrated a similar dominance of the mammary microenvironment over testicular stem cells. Germinal stem cells from male WAP-CRE/flox-βGal mouse testis were enriched based on α6-integrin (CD49f) expression, mixed with unlabeled mammary epithelial cells, then injected together into cleared fat pads of mice that were subsequently made to undergo a round of pregnancy and involution. Transgenic mouse-derived testicular germinal stem cells in the mammary gland microenvironment were able to self-renew and give rise to cells that expressed either markers of myoepithelial or of luminal epithelial cells, and perhaps most importantly, they showed evidence of milk production [57] . Together, these experiments suggest an important role played by the stem cell niche in establishing the identity and function of tissue-specific stem cells.
Stem Cell Niches and Breast Cancer: Causes or Cure?
It has been observed that the behavior of non-stem cells inside stem cell niches in lower organisms may yield clues as to how niches might be involved in disease states such as cancer [58] . Specifically, occupation of an experimentally vacated germinal stem cell niche in Drosophila by a somatic cell resulted in ectopic proliferation [59] . Furthermore, ectopic expression of the niche protein, DPP, induced mature cystocytes to revert to a stem cell phenotype [60] . Because cancers are often described as having phenotypes and functions in common with tissue-specific stem and progenitor cells, these basic mechanisms described for lower organisms raise interesting etiological possibilities for cancers in the humans. In addition to the possibility that cancers may result from errant stem or progenitor cells that were misguided by their microenvironment [61] , or from mutated somatic cells that take on stem cell phenotypes, a third possibility has emerged that when inappropriate cells enter the stem cell niche, they could receive the wrong signal leading to tumors.
Combining the concept that stem cells are controlled by their microenvironment together with the concept that cancers are driven by a small population of cells with stem cell properties [62] raises some possibilities also for treatment. Malignant mammary epithelial cells grown in 3D lrECM form colonies that do not exhibit growth control or apical-basal polarity. However, when their communication with the microenvironment is down-modulated by manipulation of growth factor receptor or integrin receptor pathways, the malignant cells revert to a growth-arrested normal phenotype, exhibiting proper apical-basal polarity [63] . The use of retinoic acid to treat promyelomonocytic leukemia suggests that this type of approach will work clinically [64] . In fact, recent experiments in mice in which β1 integrin inhibitory antibodies were used to selectively inhibit growth of malignant human breast epithelial cells suggest that breast cancer could be treated also by "reversion" therapy [65] . Finally, modulating the signals received by the "cancer stem cells" from their niche may abort their march towards malignancy. Cells that cause bone marrow residual disease in leukemia were hypothesized to bind fibronectin through VLA4, where they become quiescent, avoiding the cytotoxic effects of drugs such as Arabinoside C (AraC). In mouse models, when anti-VLA4 was administered together with AraC the disease was completely eradicated, suggesting that failure of the leukemia cells to associate with their protective niche made them vulnerable to killing [66] . Perhaps the use of a combination of agents that will prevent "cancer stem cells" in solid tumors from associating with a protective niche together with cytotoxic agents will yield a therapeutically useful combination.
